I. Introduction
Traditionally, the focusing function is achieved by moving lenses in most cameras. A moving displacement of 0.25 mm to 2 mm is required for auto-focusing [1] . With the continuing reduction in the size of mobile devices, the displacement-tothickness ratio is increasing; therefore, it is difficult to place a mechanical motor system inside some types of mobile devices such as cellular phones. The miniaturization of these systems is also challenging with regards to the assembly of small components. With increasing surface-to-volume ratio, movement becomes more difficult because of mechanical parts friction. With these constraints, conventional motor systems might not be feasible. Some solutions have been proposed to change focusing power without moving lenses. One is the use of liquid lenses [2] which change their interface shape between two immiscible liquids by an electro-wetting method [3] . With this approach, however, it is difficult to choose materials that fulfill the two requirements of large refractive index contrast and small density difference. Another solution is the use of liquid crystal lenses [4] , [5] , but the incident light must be linearly polarized. It was also proposed in [6] and [7] to adopt deformable mirrors in a reflective optics configuration. Recently, reflective optics has attracted more attention as a means of achieving a long lightpath in thin products because of the folded light-path design. Deformable mirrors have an advantage of low color dispersion, but the optical power of silicon-based deformable mirrors [8] is relatively small. We propose an organic polymer deformable mirror which can be operated over a large optical power range of up to 20 diopters, which is one order of magnitude higher than the range of previously reported devices. Experimental results of its actuated shape and surface roughness will also be discussed.
II. Device Design and Fabrication
Since deformable mirrors are typically made of brittle siliconbased semiconductor materials, their deformation is generally limited to deflections of less than 10 μm over a 10 mm aperture, which is around 2 diopters. As a result, organic polymers with high yield stain and low Young's modulus are more desirable than semiconductor materials. It is reported that the yield strain of organic polymer is around 5%, which far exceeds the breaking limit of semiconductor materials. Besides, Young's modulus of polymer is about two orders of magnitude lower than most inorganic semiconductor materials [9] .
We selected amorphous fluoropolymer, CYTOP, from Asahi Glass to fabricate the organic membrane for the deformable mirrors. CYTOP has excellent chemical resistance to TMAH (tetra-methyl ammonium hydroxide) wet etching. The adhesion of CYTOP to silicon and metals is excellent below the glass transition temperature (T g ), which is 108°C. These properties make it ideally compatible with existing semiconductor fabrication processes, during which the
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Jen-Liang Wang, Tyng-Yow Chen, ChingWei Liu, Chen-Wei Edward Chiu, and Guo-Dung John Su temperature is below T g of CYTOP. The yield strain of CYTOP is about 5%, which is considered high compared to that of silicon-based semiconductor membranes such as silicon nitride. The high yield strain is critical for large deformation. The schematic drawing of an organic deformable mirror is shown in Fig. 1(a) . An aluminum-coated polymer membrane is supported by a silicon frame. A silicon bottom electrode coated with aluminum is attached to the silicon frame by a dielectric tape spacer. The spacer has a circular opening to define the deformation shape of the polymer membrane. When a voltage difference is applied between the bottom silicon electrode and the aluminum-coated polymer membrane, the electrostatic force pulls the CYTOP membrane down toward the bottom electrode due to its mechanical flexibility. The polymer membrane works as a reflective mirror surface to variably focus the light by adjusting the voltage difference.
The organic deformable mirror was fabricated by a CMOScompatible micromachining process [10] . Starting with a silicon wafer, the organic thin film was spin-coated on the top of the silicon wafer. We applied TMAH to etch through the wafer from the back for about 8 hours so that the polymer membrane would be exposed. Both sides of the polymer membrane were coated with aluminum by an e-beam evaporator to reflect light and to protect the polymer membrane from air and moisture. A dielectric tape was used as a spacer to bond the silicon frame and the bottom electrode. The polymer membrane was 6 mm wide and 2 μm thick. The gap between the polymer membrane and the bottom electrode was approximately 70 μm, and the circular opening of the dielectric tape spacer was punctured by a perforator. A photograph of the fabricated device is shown in Fig. 1(b) .
III. Experimental Measurement
To evaluate the device performance, we first investigated the optical quality of the reflecting surface. For imaging applications, we normally consider λ/20 a bench mark for surface roughness at visible wavelengths. The measurement was performed by using a WYKO white light interferometer. The average roughness was 12nm and root-mean-square roughness was 14.8 nm. When the polymer membrane was actuated, the surface roughness was improved slightly because surface tension makes the surface smoother. The tensile stress inside polymer films also helps stretch the films flat. When the polymer surface was coated with aluminum 0.3 μm thick, the reflectivity was higher than 96%. Figure 2 (a) shows the simulation results of an actuated polymer membrane obtained by using finite element method (FEM) analysis with 3,600 meshing elements. The theoretical 2D contour plot indicates that the curved mirror surface is rotationally symmetrical, and the maximum center displacement of the polymer membrane is approximately 25 μm. We took a 4.5 mm diameter circular shape for curve fitting. We found that it is more accurate to describe the actuated surface with a parabolic curve than a spherical curve because the variances of curve fitting are 7.89×10 for a parabolic curve. Since the surface is almost parabolic in shape, theoretically, the aberration is less than that for a spherical shape when the object is at a relatively long distance. We conducted an experiment of optical power versus applied voltage. The polymer membrane was actuated by electrostatic force, and deformation of the polymer membrane could be adjusted by changing the voltage difference continuously. The optical power is about reciprocal of half the radius of the curvature of the mirror surface. Using the first-order paraxial rays approximation [11] , the radius of the curvature is , where R is the radius of the curvature, D is the diameter of the polymer membrane (4.5 mm in this experiment), and x is the deformation of the mirror from the center to the edge. The optical power and deformation versus the applied voltage is plotted in Fig. 2(b) .
The maximum optical power achieved is around 20 diopters when 160 volts is applied, corresponding to 27 μm deformation. The optical power of an organic deformable mirror can be adjusted continuously. Even though a high voltage difference is required, the current through the device is almost negligible so that the power consumption is quite low. The low power consumption makes it a potential candidate for use in portable devices.
To verify the focusing function, we set up a simple imagetaking system as shown in Fig. 3(a) . A solid lens was placed directly in front of an organic deformable mirror, which was used to adjust the combined optical power of lenses. A beam splitter was used to construct the reflective optics configuration. The distance between the beam splitter and the solid lens was about 1.5 cm. Without applying voltage difference to the deformable mirrors, an object at 8 cm could be seen clearly. Once the deformable mirror was actuated, the optical power of the lenses increased so that an object at 3 cm was in focus, as shown in Fig. 3(b) . Blurring was mainly due to aberration from the spherical solid lens and misalignment. Image quality could be improved by proper aspherical lens design and precise mechanical housing. The speed of switching focus was demonstrated experimentally to be around 14 ms [12] . A closedloop method [13] will be adopted to control the deformable mirror by checking image sharpness. 
IV. Conclusion
An organic polymer membrane to be used as a deformable mirror was demonstrated. The operating power range of 20 diopters can be achieved by applied voltage of 160 V. The optical power range is one order of magnitude higher than that of a silicon-based device, and the required voltage is half that. The focus switching speed is 14 ms. The surface roughness of the organic membrane is measured to be around 15 nm, which is less than λ/20 of the visible light. These characteristics of the polymer deformable mirror are suitable for imaging systems. Our initial results are encouraging, and we will incorporate the mirror into a more compact design in the near future.
